Abstract: A novel method for the chemical manufacturing UV-curing assisted injection molding was proposed in this paper. A prototype of UV-curing injection molding apparatus has been manufactured. By using the prototype, we have successfully fabricated microfluidic chips, which can be practically applied in micro mixing experiments. Similar to the thermoplastic parts molded by traditional injection molding, the appearance defects such as bubbles also occurred on products fabricated by UV-curing injection molding. The generation process of bubble defect has been observed and captured through the visualization device. Because there is no gas produced in the polymerization chemical reaction, the shrinkage was considered to be the essential reason of bubble defect. In this paper, the solution of bubble defect was studied by employing single factor control variable method from the aspects of process parameters, materials, and mode of irradiation. It was noted that the bubble defect could be improved by increasing holding pressure, reducing irradiation intensity, and improving viscosity. Nevertheless, the achievement of process parameters was limited. On equal experimental conditions of process, equipment, and material, results revealed that the dynamic irradiation pattern can improve the feeding capacity significantly in UV-curing injection molding. It is further demonstrated that the bubble defect is caused by the polymerization shrinkage. Eventually, we obtained the microfluidic chips with good surface quality, high dimensional accuracy, and high transparency by UVcuring injection molding. Moreover, it provides a feasible high efficiency and low cost manufacture technology for microfluidic chips in the future.
Introduction
Microfluidics is a multidisciplinary field intersecting engineering, physics, chemistry, biochemistry, nanotechnology, and biotechnology, with practical applications to the design of systems in which low volumes of fluids are processed to achieve multiplexing, automation, and high-throughput screening [1, 2] . Microfluidic chip is generally employed to deal with the behavior, precise control, and manipulation of fluids, which are geometrically constrained to a small, typically sub-millimeter, and scale. Silicon, quartz, or glass is usually used to fabricate microfluidic chips by means of complicated and cleanroom-based multi-step processes such as lithography [3, 4] . However, such conventional processing methods cannot satisfy the requirements of high efficiency and low cost [5, 6] . In contrast, polymeric materials have considerable advantages in manufacturing microfluidic chips because of their versatile properties and mass production capability.
Injection molding is one of the most commonly used methods of high efficiency for polymer products. In essence, the injection molded parts are manufactured through the phase state change of polymer materials. In the previous study of injection molding on microstructures such as micro lens, micro channel [7] , and so on, the mold temperature and pressure are indicated to be the critical factors that affect the precision of microstructure. High temperature and high pressure are greatly helpful in the filling stage [8] [9] [10] [11] , which are an essential condition to ensure the molding accuracy of microfluidic chip with micro features. Although various technologies including rapid mold temperature variation and vacuum supply [12] were demonstrated to be effective in enhancement of filling stage, complicated process modification and mold design result in much more expensive cost and low efficiency. UV-curing is a chemical manufacturing method that uses UV light to illuminate oligomer to cure it, which is usually used for adhesive coating or printing, etc. [13] [14] [15] . In comparison to thermoplastics, light cured resin has excellent flow characteristic. Furthermore, the filling of microstructure can be realized at room temperature [16] , which means high temperature, high pressure, and other harsh molding conditions of the auxiliary are no longer necessary. Raw materials of UV-curing technology are usually liquid at room temperature, which are mixed with photo initiator, reactive diluents, and oligomer of photochemical activity, and the mixture resin is cured with UV irradiation. It has high efficiency, has environmental protection, and is energy-saving. Due to the large shrinkage rate of the light curing resin, it was just used as a surface treatment method instead of forming method in the past. However, injection molding process was supposed to be the solution for this shrinkage problem. As shown in Figure 1 , a novel chemical manufacturing method of UV-curing assisted injection molding was proposed for the industrial production of microfluidic chips. This technology includes several typical stages similar to the conventional injection molding. Firstly, mixture resin was stored in tank provided for injection unit. And then the injection unit was actuated by the air cylinder to inject the mixture resin into the mold cavity and continued to provide pressure for holding stage. Meanwhile, the ultraviolet light source was irradiated to the mixture resin through quartz insert until the resin was cured completely. The UV-curing assisted injection molding method inherits the merits of both UV-curing technology and injection molding. Raw material has excellent flow properties at room temperature, and excessive shrinkage can be improved by adjusting the injection process simultaneously. In addition, simple equipment leads to low cost and more energy-saving. The method is expected to replace microinjection molding in aspect of microstructure molding. At present, our laboratory has set up the prototype of UV-curing injection molding apparatus. The typical cross-shaped microfluidic chips could be prepared by applying this experimental platform.
Similar to the traditional injection molding processing, the products obtained through UV-curing injection molding also appear to have a variety of typical defects. It was found that regular bubble defects occurred during the experiment, as shown in Figure 2 . The existence of appearance defect remarkably affects the ability of microfluidic chip bonding and the transparency of the products. In this paper, the generation mechanism and solution of bubble defect were investigated. 2 Bubble defects of UV-curing injection molding products
Generation mechanism of bubble defects
Bubble defects could be captured by camera through visualization quartz mold insert. The mixture resin was loaded into the storage cylinder for 4 h to vent gas. Smooth pipeline and good sealing performance were ensured. The pipelines were pre-filled completely before injection molding. The average degree of functionality of the mixture resin was 3.0. The holding pressure was set at 0.2 MPa after filling stage. Meanwhile, UV-curing started with irradiation intensity of 1000 mW/cm 2 . The generation process of bubbles was recorded and displayed in Figure 3 . Figure 3A -D represents the beginning of UV light irradiation at 0 s and the duration of 16 s, 32 s, and 70 s, respectively. It could be seen that no bubbles occurred at the beginning. After that, bubbles appeared in the center of cavity when the mixture resin began to cure, which showed a tendency to the edge. As shown in Figure 3D , no more bubbles increased at that moment because the resin was cured totally. Due to the point UV light source employed in this study, the irradiation energy at the center was relatively higher than that at the edge, resulting in bubbles generated at the center.
Visualization results showed that bubbles always appeared on the surface close to the mold side, while the opposite side surface near the glass was smooth without any defects. It could be explained that the UV light irradiates the resin from the top surface to the bottom of cavity. Curing reaction occurred on the top surface firstly, which caused shrinkage along the vertical direction in undesirable packing stage. Because there was no gas produced during curing reaction process, it could be inferred that the bubbles were caused by the shrinkage of ultravioletcuring resin during solidification. Previous dynamic test results utilizing dilatometer revealed that the volumetric shrinkage of various ultraviolet-curing resin could reach 2.91%-6.96% [17] . Polarization detection results as shown in Figure 2C indicated that residual stress appeared around the bubbles in shades of brown. There were still certain shrinkage stress areas in the field of vision because of the brown bubbles, but we cannot see any bubble hole without polarizing optical instrument, which was a potential shrinkage bubble hole.
Reaction principle
The principle of polyurethane acrylate UV light curing is as follows:
keep the identical reaction principle mentioned above until the complete reaction of polyurethane acrylate. Then a polymerization reaction occurs among free radicals following formula (6) . It can be found clearly that there is no gas generated in the whole reaction process.
Materials and methods

Experimental equipment
Our laboratory has developed UV light curing injection molding machine (shown in Figure 4 ) including injection Photoinitiator-184 cleavage reacts firstly to produce benzene formyl radical and hydroxyl cyclohexyl radical, which is polymerization initiated by free radicals such as that of the formula (1). The addition reaction between free radical and double bond generates another free radical, such as the reaction of the double bond in the free radical and the polyurethane acrylate in formula (2) . After benzoyl radical reacts completely, product in formula (2) continues to react with the excess polyurethane acrylate follow formula (3) . The reaction route of hydroxyl cyclohexyl radical is shown in formula (4) and formula (5), which cylinder, mold clamping unit, light radiation equipment, storage tanks, and pneumatic-electric control system. The dimension of the prototype is 1300 × 600 × 400 mm. The mold clamping unit and injection unit are both driven by air cylinder. The maximum clamping force is up to 14 kN. Injection and holding pressure could increase from 0 to 3.2 MPa. The maximum injection rate could reach 150 mm 3 /s. The dimension of molding tool applied in this study is 196 × 160 × 35 mm. The photography of the cavity and the drawing of the microfluidic chip are shown in Figure 5 . A point UV light source with a diameter of 12 mm (purchased from Shenzhen Ulamp Co. Ltd., China) was employed, and the power of UV light source can vary from 0 to 1000 mW/cm 2 . The wavelength of UV light is 365 nm. UV light curing injection molding consists of the following stages: 1. Store the mixture resin in the storage tank, and deliver it into the injection unit after metering. 2. Injection piston was actuated by air cylinder to inject the mixture resin to the cavity. 3. Turn on the UV light source for irradiation, the injection piston continues to provide holding pressure for feeding in the whole process of the reaction. 4. Open the mold when the resin cured completely to obtain product.
Materials
Oligomer (LE-6706, polyurethane acrylate, degree of functionality is 6.0, China, Lexus-man Co., Ltd. (Heshan));
Oligomer (LE-6702, polyurethane acrylate, degree of functionality is 2.0, China, Lexus-man Co., Ltd. (Heshan)); Table 1 lists the experimental conditions; the average degree of functionality of the mixture resin was 2 (viscosity is 1200 cP at 20°C). The mixture resin cured totally with 100% irradiation intensity. The average bubble of every five products was calculated to analysis. The diameter of bubbles was measured, and bubble holes were classified in accordance with diameter.
3.2.1.2
The effect of irradiation intensity on the number of bubbles UV light curing reaction rate is the key factor to cause shrinkage of product, which related to the irradiation intensity directly. Table 2 shows the experimental conditions. The intensity of illumination was studied as a percentage, and the actual 100% irradiation intensity corresponded to 1000 mW/cm 2 . The average degree of functionality of the mixture resin was 2. The effect of irradiation intensity on the bubbles of product was characterized by the number of bubbles. Table 3 . The mass fraction of photoinitiator-184 was 3%. The reactive diluents and oligomers selected in this study were double bond functional groups. Therefore, the average functionality of different formulations could be consistent, and only viscosity was a single variable. The experiment conditions are shown in Table 4 .
Effect of irradiation pattern on the bubble defects
In order to avoid the premature curing of the mixture resin around the gate, which would lead to decrease of feeding capacity, a dynamic irradiation pattern was proposed. A moveable curing light source was carried out and scanned following the path shown in Figure 6 , which could effectively control the curing time and improve the filling behavior in holding stage. The average function degree of the mixture resin was 2.0. The viscosity was 3300 cP at 20°C, and holding pressure was set at 0.6 MPa. The intensity of irradiation was 100%. The experimental results of the dynamic UV-curing irradiation pattern were compared with the ones of stationary pattern. to the effect of traditional injection molding. The surface quality of the product and the micro morphology of the bubble were shown in Figure 7 . Table 5 lists the distribution of bubbles according to diameter. The decreasing of feeding capacity caused by holding pressure led to the significant increase in the amount of surface bubbles, especially in smaller diameter (d < 150 μm) bubbles. These tiny bubbles affect the appearance quality more obviously. In other word, the bubbles could be improved through increasing holding pressure. Figure 8 showed the photo of bubble defect under different irradiation intensity. It was indicated that the bubbles in central area were dense and the bubble diameter decreased along the radial direction. Figure 8A -C showed the bubble holes around "cross" structure under irradiation intensity of 100%, 50%, and 25%, respectively. Obviously, the number of bubbles decreased along with the decrease of irradiation intensity. The average bubbles sum of the every group was 270, 160, and 60, which decreased with the decrease of irradiation intensity apparently. However, the bubbles of large diameter (d ≥ 150 μm) still existed in the low irradiation intensity, as shown in Figure 8C . Irradiation intensity directly affects the cure rate. The low curing rate makes the curing duration long enough for feeding. Hence, the shrinkage and the resulting residue stress become smaller. The number of bubbles reduced as well. Although the bubble defect could be improved by reducing the irradiation intensity, the effect is limited. Moreover, lower irradiation intensity results in longer the molding cycle. The Figure 8 : Effect of irradiation intensity on the number of bubbles: (A) the bubble holes around "cross" under 100%, (B) the bubble holes around "cross" under 50%, (C) the bubble holes around "cross" under 25%. results showed that the cycle time was 70 s at irradiation intensity of 100%, 100 s at 50%, and much more time at 25%. Considering the forming efficiency, too low irradiation intensity is unacceptable in practical production.
Results and discussion
Effect of injection molding parameters
The effect of irradiation intensity on the number of bubbles
The effect of material viscosity on the bubble defect
The experimental results ( Figure 9C , F, I) showed that the bubbles decreased obviously with the dropping of material viscosity. The average diameter of bubbles reduced from 300 μm to 180 μm as well. As shown in Figure 9B , E, and H, it was demonstrated that the lower residue stress could be achieved at higher material viscosity. Higher viscosity mixture resin with higher adhesion results in lower curing rate and longer cycle time, which provide sufficient feeding capacity. Consequently, the stress concentration and vacuum bubbles decreased. However, the high viscosity material may influence the dimensional accuracy of micro structure. Therefore, the improvement method through adjusting the viscosity did not apply to production of microfluidic chips. Figure 10 showed the different products obtained by different irradiation patterns under the identity process conditions and formula. Compared with the part by stationary irradiation pattern as shown in Figure 10 , the apparent bubble defects obtained by dynamic irradiation pattern were obviously eliminated. Figure 11 shows the micrograms on the equal position of the products gained via different irradiation patterns. The bubble defect becomes hardly invisible due to the dynamic irradiation pattern. With a laser microscope on both surfaces of roughness measurement, the blue line in Figure 11 was employed for line roughness sampling trajectory; the results showed that the rough degree Ra value was approximately 118 nm through the dynamic irradiation pattern, while Ra value was around 562 nm through stationary pattern. It further demonstrated that the apparent bubble defects were eliminated and greatly enhanced the appearance quality and transparency. It could be attributed to the difference of feeding process. The feeding direction is from the plane of mold core to the glass by stationary pattern, while it is along length direction from the gate to the internal core by dynamic pattern. It indicated that the feeding direction along the length is more suitable for method of UV-curing injection.
Effect of irradiation pattern on the bubble defect
Preparation of microfluidic chips of cross flow channel
We have successfully fabricated microfluidic chips by employing UV-curing injection molding method. As shown in Figure 12 , the microstructure basically meets the design requirements. As a contrary, we used the same mold core insert to fabricate microfluidic chips by traditional injection molding method with PMMA. The contour of the microstructure was compared with the one fabricated by UV-curing injection molding in Figure 13 . It could be found that the dimensional accuracy of the product by UV-curing injection molding was higher than that by traditional injection molding. Considering the cost, efficiency, and molding precision, the method of UV light curing injection molding revealed remarkable advantages for manufacturing of microfluidic chip. Preliminary fluid mixing experiments were carried out successfully by applying the microfluidic chips we prepared in this paper ( Figure 12B -C). 1. We proposed a novel chemical method for microfluidic chips named UV light curing injection molding. The prototype and visualization experimental platform was set up successfully in this paper. 2. The dynamic process of bubble defect during UV light curing injection for microfluidic chip was observed and captured by using the visualization experimental platform. The bubble defect is mainly caused by too fast shrinkage rate, resulting in insufficient feeding capacity. 3. The experiment results indicated that rising of holding pressure, reducing the irradiation intensity, and increasing the viscosity of the formula could improve the bubble defects in certain extent. The dynamic irradiation pattern could obviously eliminate the bubble defect and produce good microfluidic chip for practical application.
The results proved that UV-curing injection molding method has much more advantages manufacturing of microfluidic chip in terms of the precision of micro channel. It is further proved that this method has a good prospect for the fabrication of microfluidic chips in the future.
